Ultra wideband (UWB) systems are the most appropriate for high data rate wireless transmission with low power consumption. However, the antenna design for UWB has been a challenging task. Moreover, it is always desirable to have more freedom by designing different shape antennas with identical characteristics so that they can be used in either transmitter or receiver depending on other physical constraints such as area. To tackle these issues, in this paper, we have investigated a joint optimization of three different shape-printed monopole antennas, namely, printed square monopole antenna, printed circular monopole antenna and printed hexagonal monopole antenna, for UWB applications. More specifically, we have obtained the optimized geometrical parameters of these antennas by minimizing the mean-square-error for desired lower band edge frequency, quality factor, and bandwidth. The objective of joint optimization is to have identical frequency characteristics for the aforementioned three types of PMA which will give a freedom to interchangeably use them at either side, transmitting or receiving. Moreover, we employ particle swarm optimization (PSO) algorithm for our problem as it is well known in the literature that PSO performs well in electromagnetic and antenna applications. Simulation results are presented to show the performance of the proposed design.
Introduction
Ultra wideband systems are most widely used wireless systems nowadays for high data rate applications. It consumes low power against extremely wide spectrum of radio frequency [1] . The UWB system was originally designed to be used in radar communication; however, it is now equally employed in various consumer products within short distances.
The Federal Communications Commission (FCC) has allocated a bandwidth of 7.5 GHz (from 3.1 GHz to 10.6 GHz) for UWB in order to minimize its interference with other communication systems [2] .
Microstrip patch antennas are widely used for wide bandwidth and omni-directional applications. One of its various types is printed monopole antenna, which is available in many geometrical shapes [3] [4] [5] [6] . These different shapes have different performance and gains at different central frequency.
The design of suitable antenna for UWB application is a major challenge. In order to operate various types of antenna at the same frequency, their optimum geometrical dimensions must be jointly evaluated. This is treated as a complex optimizing problem. It is extremely difficult to find optimum solution of a complex problem by employing traditional and conventional approaches. Various heuristic approaches are available to handle such types of complex problems. Among many approaches, particle swarm optimization is one of the fastest heuristic approaches for finding joint optimum solution of a complex problem.
In the literature, it is a very common practice to optimize either radiation properties (such as return loss bandwidth, return loss magnitude) or resonant frequency to calculate the optimized geometrical parameters of the antenna. There are many published works which employ the similar strategy for the optimization of antenna. They used the optimization to get geometrical parameters in order to meet certain desired frequency of operation.
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For example, gravitational search algorithm (GSA) has been applied for calculating the optimized length and width of rectangular patch antenna for a desired frequency [7] . In [8] , resonant frequency of circular microstrip antenna, with and without air gaps, is optimized to calculate the different geometry parameters of the antenna, and in [9] , particle swarm optimization technique is applied in conjunction with the developed standard equation to accurately calculate the resonant frequency and feed point of rectangular microstrip patch antenna. However, the uniqueness and the main contribution of this work are mentioned in following Section 1.1.
In our work, we are optimizing the resonant frequency to obtain the geometrical parameters of the three different printed monopole antennas for UWB applications. This paper focuses on jointly optimizing three different shaped PMAs, namely, square, circular, and hexagonal, for the effective use at the same frequency in the range of UWB spectrum. PSO algorithm is used as the optimizing technique. The "common" lower band edge frequency ( ), bandwidth (BW), quality factor ( ), and the joint cost function (mean square error) for all three antennas are shown in the end.
Our Contribution and Contrast to Existing Work.
The main contributions and some contrast to existing works are outlined as follows.
(1) Unlike the most existing works which use individual optimization, our work employs joint optimization strategy to design different printed monopole antennas for UWB applications.
(2) We employ the PSO technique for our problem which has never been applied for such scenario.
(3) Few recent works have employed PSO but they did individual optimization in the same scenario of multiband or general wideband, not for UWB applications [10] [11] [12] .
(4) Advantage of using joint optimization is that it develops different shape antennas with identical desired characteristics which give us the flexibility to use them according to our requirements and physical constraints. For example, one antenna can have identical frequency characteristics but different physical area. This can be observed in Tables 1, 2 , and 3.
(5) Finally, our work provides a unified framework which can be used in the future for designing any shape antenna in any range of applications. 
Parameters of Printed Monopole Antenna
As discussed; the PMA are available in different regular geometrical shapes such as printed square monopole antenna (PSMA), printed rectangular monopole antenna (PRMA), printed hexagonal monopole antenna (PHMA), printed triangular monopole antenna (PTMA), printed circular monopole antenna (PCMA), and printed elliptical monopole antenna (PEMA) [13] . All these are shown in Figure 1 . The objective is to jointly optimize three basic shapes among the list of the six shapes of PMA (see Figure 1 ). The three targeted antennas are PSMA, PCMA, and PHMA. By using joint cost function (of error) through particle swarm optimization, suitable geometrical parameters of all three antennas are found. The calculated parameters are of such "optimum" values which enable these different shaped PMAs to operate equally well at the same frequency.
Instead of resonance frequency, the most significant parameters for UWB system are the lower band edge frequency ( ) and the bandwidth (BW). Printed monopole antenna is the best choice for UWB application. The lower band edge frequency of all types of PMAs with different feed configurations can be estimated using cylindrical monopole of large effective diameter.
A generalized modified relation for lower band frequency of all types of PMA can be written as [ 
where is the height of planar monopole antenna which is taken as equivalent cylindrical monopole. The effective radius of equivalent cylindrical monopole is denoted by . The symbol is the length of 50 Ω feed line from the ground surface to the printed patch. Whereas is the empirical constant of the substrate. The commonly used substrate for printed patch is FR4 with dielectric constant = 4.4 and height ℎ = 0.159 cm. The value of empirical constant for this substrate is 1.15. All the variables , , and are measured in cm [13] .
As discussed, PSO is applied to jointly optimize three different patch antennas PSMA, PCMA, and PHMA. Equation (1) is the generic equation for lower band edge frequency of all types of PMA. The equation can be rewritten for each specific type of antenna by considering their specific geometrical shapes and equating their dimensions with the variables given in (1).
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Printed Square Monopole Antenna.
Since (1) is the generic equation for all PMAs, the variables and for PSMA are given as [13] = (width) cm,
In the light of above relations, (1) for PSMA becomes
where is the length of square monopole antenna as shown in Figure 2 and and are the same as generally described for (1).
Printed Circular Monopole Antenna.
The variables and for PCMA are given as [13] = 2 cm, Using the above values, (1) for PCMA becomes
where is the radius of circular monopole antenna as shown in Figure 2 and and are the same as generally described for (1).
Printed Hexagonal Monopole Antenna.
The variables and for PHMA are given as [13] = √ 3 cm,
Using the above relations, (1) for PHMA becomes =
[24.76559237 + 4 ]
GHz,
where is the length of the sides of hexagonal monopole antenna as shown in Figure 2 and and are the same as generally described for (1).
All the above equations (3), (5), and (7) will be used to evaluate geometrical parameters of the above targeted antennas at the same lower band edge frequency.
The quality factor ( ) of ultra wideband antenna sets the limits for its extended performance. The factor may be evaluated by calculating the central frequency ( ) of the antenna as the geometric mean of upper ( ) and lower ( ) International Journal of Antennas and Propagation frequencies. The following relations will be used to calculate bandwidth and quality factor [13] [14] [15] [16] [17] :
As recommended by Federal Communication Commission in 2002 [2] , the value of (upper band edge frequency) is set at10.6 GHz.
By employing particle swarm optimization and using combine cost function for all three antennas, we achieve the joint optimized results.
Particle Swarm Optimization
Particle swarm optimization is the global heuristic algorithm developed in mid 1990s by Dr. Kennedy and Eberhart [18] . The algorithm was inspired by the "information sharing" capability within the groups of animals, such as birds' flocks, cattle's herds, to find the easiest and safest path towards food source [19] . The study was based on the behavior of birds' swarm movement. The purpose of the research was to investigate the social behavior and the collective intelligence of the birds' swarm.
Initially, during searching for food, the birds can either fly together in the form of a flock or they can move individually in different directions. While searching, there must be at least one bird that first smells the food. That is the one who has the best information about the location of the food or at least knows the direction where the food is located. The bird shares its "knowledge" to others, and then eventually all the birds reach at the source of food [20] .
The PSO is used to find the optimistic solution of complex problems. In PSO algorithm, Kennedy and Eberhart compared the solution swarm with the bird's swarm. The development of solution swarm is compared with the movement of birds from one point to another. Also, the optimized solution in PSO is equivalent to the targeted food resource for birds' swarm.
The algorithm propagates through a randomly generated population known as particles. Each particle iteratively moves with a random velocity in the designed problem space towards the targeted optimum solution. The particle is moving towards the location which was best known to it and then moves iteratively towards the best fitness known by whole population [21] .
There are three main steps of standard PSO [22] .
Initialization. In this step, population (swarm) is assigned some random velocity V and position to ith particle at time instant . A particle is a "point" in the designed space that moves iteratively. The particle changes its location (position) from one move (iteration) to another move depending on its update velocity.
This step allows particles to be randomly distributed in the entire designed space. Equations (9) generate the random position and velocity of a particle using upper and lower bounds min and max ,
Velocity Update. The next step calculates the update velocity at time instant + 1. The update is based on the fitness value of particle current position.
The fitness function value determines the particle having the best global value in the current population. It also determines the best position of each particle . The update velocity at time instant + 1 is given in the following:
The right side of (10) is the summation of three important terms. These terms are the current particle motion, the memory influence of the particle, and the swarm influence. The constants , 1 , and 2 are the inertia factor, particle selfconfidence, and swarm confidence, respectively.
Position Update. The last step describes the update position of a particle at time instant + 1. This position update is given in the following: Figure 3 shows the illustration of velocity and position updates using particle swarm optimization.
Development of Cost Function
By employing the above optimization technique mentioned in Section 3, we are now going to develop the cost function for our problem. Generalized equations of error for these antennas, namely, frequency error (Error ), bandwidth error (Error BW ), and quality factor error (Error ), are as follows:
Combining all the above error effects in one relation for one particular antenna, following mean square error (MSE) relations which are employed for all types of antennas under consideration: Here is the random weight for all the errors. For simplicity, we have kept the total sum of all three weights equal to one. Whereas represents three different errors (separately for PSMA, PCMA, and PHMA) as described in the above equations (12)- (14) .
The joint mean square error (cost function) for these antennas is given in the following:
Using particle swarm optimization we have minimized this cost function to get optimized geometric dimensions of the three antennas at the same targeted lower band edge frequency, bandwidth, and quality factor. The geometric dimensions for PSMA are the length (or width) of square monopole and the length of the feed line from ground surface ; the geometric dimensions for PCMA are the radius of the circular patch and the length of the feed line from ground surface , whereas the geometric International Journal of Antennas and Propagation dimensions for PHMA are the length of the sides of hexagon monopole and the length of the feed line from ground surface . Tables 1-3 show optimized geometric dimensions of PSMA, PCMA, and PHMA antennas, respectively. The tables show few desired values of lower band edge frequency, bandwidth, and quality factor within the frequency range of UWB (from 3.1 GHz to 10.6 GHz).
Different sets of frequency, bandwidth, and quality factor have been recorded in Tables 1-3 . Against each set, jointly optimized values of , , , and have been achieved for PSMA, PCMA, and PHMA.
Though there are numerous readings which have been observed, however graphical optimization results are shown for one specific set only. Since as per FCC, 3.1 GHz is allocated as lower frequency for UWB spectrum; all the graphical representations from Figures 4, 5, 6 , and 7 are at this value. These figures show the iterative calculated values of lower band edge frequency ( ), bandwidth (BW), quality factor ( ), and joint cost function for PSMA, PCMA, and PHMA with 500 iterations.
Conclusion
Three different shaped printed monopole antennas PSMA, PCMA, and PHMA have been jointly optimized for UWB applications. Particle swarm optimization has been successfully used as a heuristic approach to minimize the joint cost function and to calculate the optimized values of the geometric dimensions of all three antennas. The promising results provide a framework for the future in designing any shape of antenna for any range of frequency.
